Conjugative transfer of a bacteriocin plasmid, pPD1, of Enterococcus faecalis is induced in response to a peptide sex pheromone, cPD1, secreted from plasmid-free recipient cells. cPD1 is taken up by a pPD1 donor cell and binds to an intracellular receptor, TraA. Once a recipient cell acquires pPD1, it starts to produce an inhibitor of cPD1, termed iPD1, which functions as a TraA antagonist and blocks self-induction in donor cells. In this study, we discuss how TraA transduces the signal of cPD1 to the mating response. Gel mobility shift assays indicated that TraA is bound to a traA-ipd intergenic region, which is essential for cPD1 response. DNase I footprinting analysis suggested the presence of one strong (tab1) and two weak (tab2 and tab3) TraA-binding sites in the intergenic region. Primer extension analysis implied that the transcriptional initiation sites of traA and ipd were located in the intergenic region. Northern analysis showed that cPD1 upregulated and downregulated transcription of ipd and traA, respectively. The circular permutation assay showed that TraA bent a DNA fragment corresponding to the tab1 region, and its angle was changed in the presence of cPD1 or iPD1. From these data, we propose a model that TraA changes the conformation of the tab1 region in response to cPD1 and upregulates the transcription of ipd, which may lead to expression of genes required for the mating response.
In Enterococcus faecalis, the conjugative transfer of certain plasmids, such as bacteriocin plasmid pPD1 (40) , a hemolysin/ bacteriocin plasmid, pAD1 (35) , a tetracycline-resistance plasmid, pCF10 (10) , and a hemolysin/bacteriocin plasmid, pOB1 (29) , is controlled by peptide pheromones (7, 9, 13) . Plasmidfree recipient cells secrete multiple peptide sex pheromones (1, 2, 8) , and a given pheromone (cX) specifically activates the conjugative transfer of a corresponding plasmid (pX). Once recipient cells acquire pX, they start to produce a pheromone inhibitor (iX) to block the activity of cX and to prevent selfclumping of donor cells (7, 20, 23) . If plasmid-free cells secreting cX get close to donor cells, the cX outcompetes iX and triggers the mating processes including the synthesis of a surface adhesin, so-called "aggregation substance" (AS) (13, 14, 15, 16, 39) . AS expressed on the surface of donor cells leads to binding to recipient cells and induces mating aggregates in which the plasmid is transferred at high frequency.
Previous studies (25, 27) using radiolabeled cPD1 showed that cPD1 was internalized into donor cells with the aid of TraC, which shows amino acid sequence similarity to oligopeptide binding proteins, which are a component of oligopeptide permease. The tracer study also demonstrated that the imported cPD1 binds to an intracellular receptor, TraA, encoded by pPD1. TraA bound to cPD1 with high affinity (dissociation constant [K d ] ϭ 0.13 nM [25] or K d ϭ 0.5 nM [27] ), which was approximately equal to the concentration of cPD1 required for the induction of sexual aggregation. iPD1 inhibited the binding of cPD1 to TraA in a competitive manner, indicating that iPD1 functioned as a TraA antagonist against cPD1 (27) . No other pheromones or inhibitors prevented cPD1 binding, indicating that TraA determines the specificity among pheromones, inhibitors, and plasmids (25) . TraA is encoded immediately upstream of the iPD1 gene, designated ipd (11, 24) . traA insertion mutants underwent constitutive aggregation, indicating that TraA may act as a negative regulator in the cPD1 signaling pathway (28, 33) . In contrast, OG1X carrying pAM351AIM, which has a deletion of a 1.6-kb SpeI-SpeI region (see Fig. 1 ) containing most of traA, all of ipd, and their intergenic region, was insensitive to cPD1. This indicated that ipd and/or the intergenic region between traA and ipd is essential for the response to cPD1 (28) .
In this study, we investigated a function of TraA as a DNAbinding protein and clarified that TraA is bound to and influences the DNA conformation within the ipd-traA intergenic region. Following Northern blot and primer extension analyses, we aim to propose a model which proves that the conformational change of the intergenic region triggers transcriptional control, finally leading to a mating response.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . OG1X(pAM351) has the same phenotype as OG1X(pPD1) concerning pheromone-inducing cell clumping and plasmid transfer (17) . E. faecalis strains were grown in Todd-Hewitt broth (Oxoid) at 37°C. Escherichia coli strains were grown in Luria-Bertani medium at 37°C.
Peptides. cPD1 (32) and iPD1 (22, 23) used in this study were manually synthesized by the solid-phase method using the 9-fluorenylmethoxycarbonyl (Fmoc) strategy. Synthesized peptides were cleaved from resins with a cleavage mixture (53% trifluoroacetic acid, 43% dichloromethane, 4% ethanedithiol) and purified by reverse-phase high-performance liquid chromatography with an octyldecyl silane column (Pegasil ODS; Senshu-kagaku, Tokyo, Japan). The concentrations of peptides were calculated from the absorbance at 220 nm with bovine serum albumin as a standard.
Overexpression and purification of the TraA protein.
The traA DNA was amplified by Taq DNA polymerase using pAM351 as a template and the following primers: 5Ј-GAGGATCCCATTTAAATGAATTAATG-3Ј and 5Ј-GAGAA TTCGTTAATCTATTTTTTTGTGG-3Ј. These primers create the BamHI site at the 5Ј end and the EcoRI site at the 3Ј end of the traA gene, respectively. The amplified DNA was digested with BamHI and EcoRI and ligated to pGEX-6P-1 (Amersham Pharmacia Biotech), which was digested with the same restriction enzymes, and dephosphorylated with calf intestine alkaline phosphatase (TAKARA; Tokyo, Japan). E. coli BL21 was transformed with this construct, named pGEX-traA. The transformant was grown under appropriate antibiotic selection in 4 liters of medium to an optical density at 660 nm of 0.8 at 37°C. The cells were induced to express a fusion protein of glutathione S-transferase (GST) and TraA by adding isopropyl-␤-D-thiogalactopyranoside (10 M) and were grown for an additional 8 h at 26.5°C. GST-TraA was obtained according to the protocol of Gene Fusion System (Amersham Pharmacia Biotech). About 100 mg of GST-TraA was obtained from cells in 4 liters of culture. The GST-TraA fraction eluted with glutathione was applied to a DEAE-Sepharose column (100 ml in an XK 50/20 column; DEAE-Sepharose Fast Flow; Amersham Pharmacia Biotech) equilibrated with 50 mM Tris-HCl (pH 7.0). The column was washed with buffer, and proteins were eluted with a linear gradient of NaCl from 0 to 0.5 M in a total volume of 250 ml. Fractions containing GST-TraA were pooled and added with Triton X-100 to a final concentration of 0.1% and with dithiothreitol to a concentration of 1 mM. GST-TraA was cleaved with 40 U of PreScission Protease (Amersham Pharmacia Biotech) for 5 days at 4°C. The digested sample was applied to a glutathione-Sepharose 4B column (10 ml; Amersham Pharmacia Biotech) to remove GST moiety and protease. The proteins were dialyzed overnight against 50 mM Tris-HCl (pH 7.0) and applied to a phosphocellulose column (30 ml, P11; Whatman) equilibrated with the same buffer. After the column was washed with buffer containing 0.4 M NaCl, TraA was eluted with 50 ml of the same buffer containing 0.6 M NaCl to yield 1 mg of TraA. This fraction was analyzed with a sodium dodecyl sulfate-polyacrylamide gel, and TraA was observed as a single band by silver staining (Silver Stain Kit II; Wako Chemical Industries, Osaka, Japan). Protein concentrations were determined according to the method of Bradford (6) with bovine serum albumin as a standard.
Gel mobility shift assay. Gel shift assays were performed with 32 P-labeled double strand DNAs as probes. Probe DNAs were amplified by PCR with primers carrying an additional restriction enzyme recognition sequence (CGG GATCCCG for BamHI or GAGTCGAC for SalI), digested with the appropriate restriction enzymes, dephosphorylated with shrimp alkaline phosphatase (Boehringer Mannheim), and labeled with T4 polynucleotide kinase (TAKARA) and [␥- DNase I footprinting. DNase I footprinting was performed according to a solid phase strategy (30, 31) using a fluorescence DNA sequencer (21, 30) . Probe DNAs were amplified with carboxyfluorescein-labeled (FAM-labeled) forward primers and biotin-labeled reverse primers (5ЈFAM-CTTGAGATAATTTCTC GC-3Ј and 5Јbiotin-GTTACTACTATAGC-3Ј for forward chain strand analysis and 5ЈFAM-GTTACTACTATAGCATT-3Ј and 5Јbiotin-CTTGAGATAATTT CTCGC-3Ј for reverse chain strand analysis, respectively). Amplified DNA fragments were immobilized to streptoavidin beads (Dynabeads M-280 streptavidin; DYNAL) for 3 h at room temperature according to the manufacturer's protocol.
Immobilized DNA and TraA were preincubated for 30 min at 25°C in 20 l of buffer solution [25 mM HEPES-KOH (pH 7.9) containing 0.5 mM EDTA, 50 mM KCl, 50 mM MgCl 2 , 0.6 mM DTT, 10% glycerol, 0.02% Triton X-100, and 0.1 mg of poly(dI-dC)-poly(dI-dC)per ml]. DNase I digestion was done by adding 0.5 U of DNase I (TAKARA) to the reaction mixture and following incubation for 30 s and stopped by adding 20 l of 4 M NaCl containing 100 mM EDTA. DNA-immobilized beads in the reaction mixture were sequentially washed with BW buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 200 mM NaCl) and TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). The precipitated beads were suspended in 4 l of loading buffer (75% formamide, 12.5% GENESCAN 400HD [ROX] size standard [PE Biosystems], 12.5% gel loading dye [500 mg of blue dextran per ml, 25 mM EDTA]), and then DNA fragments were analyzed on a 373S DNA sequencer (PE Biosystems). Gel images were created from screen shots from a Power Macintosh 7500/120. Circular permutation assay (DNA bending assay). A DNA fragment including the TraA binding region was amplified by using pAM351 as a template and the following primers: 5Ј-GATCTAGAATTTTTCCCGGAAAC-3Ј and 5Ј-GATCT AGACAAGTATATGTATTTTA-3Ј. These primers create an XbaI site at both 5Ј and 3Ј ends of the TraA binding region. The amplified DNA was digested with XbaI and ligated to pFB0 digested with same restriction enzymes and dephosphorylated with shrimp alkaline phosphatase. This construct, named pFB6, was transformed into E. coli SURE (Stratagene, La Jolla, Calif.). The direction of the insert DNA was determined by DNA sequencing with M13 universal primers to decide the position of tab1 region in DNA probes. DNA fragments containing (18, 41) . All restriction enzymes were purchased from TAKARA or Nippon Gene (Tokyo, Japan). The labeling of these fragments and following gel mobility shift assay were performed in the same way as described above in the section "Gel mobility shift assay.". Bending angles were calculated according to the method described by Thompson (34) . RNA extraction from E. faecalis. In order to analyze rapid change of mRNA expression levels, total RNA was extracted from pPD1 donor cells by disrupting the cell wall using glass beads instead of cell lysis with lysozyme. Cells in 10 ml of culture were harvested by centrifugation and resuspended in 1 ml of ISOGEN (Nippon Gene). The cell suspension was transferred to a 2-ml tube containing 50 l of 10% sodium dodecyl sulfate and 0.8 g of glass beads (0.1 mm zirconia-silica beads; BioSpec Products), and the tube was shaken vigorously at 5,000 rpm with a Mini-Beadbeater (Biospec Products) for 1 min and immediately chilled on ice. This procedure was repeated four times. Total RNAs were isolated from these extracts according to the manufacturer's protocol.
Primer extension analysis. Primer extension analysis was performed according to the protocol described previously (36) . Two 30-mer oligonucleotides complementary to open reading frames (ORFs) on pPD1 were labeled with T4 polynucleotide kinase and [␥- 32 P]ATP and used as primers (5Ј-TACCTTCATAAAA CTTAGCTTGAGATAATT-3Ј for traA, 5Ј-AGAAACAAGAGTTAATATTAG TGCAAACAA-3Ј for ipd). Positional markers were prepared by using the same primers as were used in reverse transcription (RT), [␣-
32 P]dCTP, BcaBest DNA sequencing kit (TAKARA), and pHH21, a plasmid containing traA and ipd (24) , as a template.
Northern analysis. Northern analysis was carried out following the previously reported procedure (26) 
RESULTS
Interaction of TraA and traA-ipd intergenic region. In our previous study, OG1X(pAM351AIM) carrying a deletion of the SpeI-SpeI region (Fig. 1A) lacked the ability to respond to cPD1. It indicated this region to be essential for cPD1 response and suggested that TraA may interact with this region (28) . In order to examine the binding ability of TraA for this DNA region, a 2.3-kb HincII-HincII DNA fragment of pPD1 was digested with AluI, incubated with or without TraA, and then analyzed by agarose gel electrophoresis (Fig. 1) . A 260-bp band including a traA-ipd intergenic region, which sequence is shown in Fig. 2 , disappeared after incubation with TraA (Fig. 1B) , suggesting that TraA interacts with the DNA fragment. No band corresponding to the TraA-DNA complex was detected, probably due to its instability in electrophoresis.
In order to further examine the interaction of TraA and DNA, a gel mobility shift assay was performed using radiolabeled DNA probes and acrylamide gel containing glycerol. TraA-DNA complex was detected with the probe DNA amplified by PCR with a set of P1 and P3 primers or of P2 and P3 primers (Fig. 3A, lanes 3 to 5 and 7 to 10, respectively) . When the P2-P3 probe was digested with DraI, the TraA-DNA complex was not detected (lanes 11 to 15 in Fig. 3A) , indicating that TraA bound immediately upstream of a putative Ϫ35 promoter. In the case of P1-P3 probe, the TraA-DNA complex migrated more slowly and formed a smear band as the concentration of TraA increased from 25 to 175 g/ml (Fig. 3A,  lanes 3 to 5) . On the other hand, in the case of P2-P3 probe, the TraA-DNA complex migrated to the same position under different concentrations of TraA. The amount of complex increased as the concentration of TraA increased from 2.5 to 175 g/ml (Fig. 3A, lanes 7 to 10) .
When TraA and a probe containing the TraA binding region (from 134 to 202 in Fig. 2) were incubated in the presence of cPD1 or iPD1, the band corresponding to the TraA-DNA complex was detected as well as in the absence of those peptides (Fig. 3B) . This suggests that the binding of TraA to this DNA region was not affected by cPD1 or iPD1. However, in the presence of iPD1 (Fig. 3B, lanes 4 and 5) , the TraA-DNA complex migrated slightly faster than that incubated with cPD1 (lane 3) or without peptides (lane 2). This suggested that iPD1 changed the conformation of DNA of the TraA-binding region, and this conformational change may be associated with the control of cPD1 response.
Determination of TraA DNA binding sites by DNase I footprinting assay. DNase I footprinting assays were carried out with a probe corresponding to the traA-ipd intergenic region ( Fig. 2 and 4) . When the probe was incubated with 1.3 mol of TraA, a protected region was observed around the DraI recognition site. This protected region was named tab1 (TraAbinding region 1) (Fig. 2) . When the probe was incubated with 9.2 mol of TraA, two other protected regions were observed and termed tab2 and tab3 (Fig. 2) . These three footprints were observed in both strands (Fig. 4) . These results suggest one strong and two weak TraA-binding sites in the traA-ipd intergenic region. These three protected regions have similarity in sequences (5Ј-TXXTXAXAATACA-3Ј, where X is any nucleotide), which might be a TraA binding motif. Transcriptional analysis of traA and ipd. The kinetics of traA and ipd expression in cPD1-induced cells was examined by Northern analysis (Fig. 5) . A fuzzy band hybridized with the PA probe was detected around the size of 1.5 kb from cPD1-noninduced cells (Fig. 5B) . These bands completely disappeared 15 min after cPD1 induction. Alternatively, a 0.5-kb band hybridized with a PI probe was observed in cPD1-induced cells, and it increased gradually in the 60 min after cPD1 induction (Fig. 5C) . The 0.5-kb transcript was not observed from cPD1-noninduced cells (Fig. 5C, lane 1) ; however, when the hybridized membrane was overexposed, it was clearly observed (data not shown). This indicates that a low level of the ipd transcript is expressed in the cPD1-noninduced cells.
Transcriptional initiation sites of traA and ipd were determined by primer extension analysis (Fig. 6) . RNA was extracted from cells that were either induced by cPD1 or left uninduced and was used as a template for RT. Two primers that were used correspond to respective regions within the ORFs of traA and ipd. The traA primer extension reaction generated a few products with a few bases difference. These products were not detected when RNA from cPD1-induced cells was used as a template, suggesting that transcription of traA was shut down after cPD1 induction. This coincided with the results of the Northern analysis shown in Fig. 5B . The longest product corresponds to a transcript with the 5Ј-end 163 nucleotides upstream of the ATG translational start codon of the traA structural gene (Fig. 6A) . The shorter ones may be degradation products.
The primer extension reaction for ipd generated a product corresponding to a transcript with the 5Ј end 32 nucleotides upstream of the start codon of the ipd structural gene (Fig.  6B) . This product increased when RNA from cPD1-induced (Fig. 2) . Taken together with the result of Northern blot analysis, transcription of ipd terminated immediately downstream of an inverted repeat as shown in Fig. 5A . DNA bending mediated by TraA. From the results that the TraA-DNA complex migrated slightly faster in the presence of iPD1 than it did in the presence of cPD1 or without those peptides, it was conceivable that conformational change, most likely DNA bending, of the TraA DNA binding region occurred in response to cPD1 and iPD1. In a DNA-bending assay, a set of DNA fragments that carried the tab1 region was used. These fragments differed from each other in the distance between the tab1 region and 5Ј end (Fig. 7) . TraA-DNA complexes exhibited a position-dependent mobility, suggesting that DNA bending occurred in the presence of TraA. The angle of the DNA bending was estimated by using the equation M / E ϭ cos(␣/2), where M and E represent the gel mobilities of molecules with bends at their centers and ends, respectively, and ␣ is the angle by which the DNA departs from linearity (34) . Using the mobilities of the slowest-and fastest-migrating complexes as data, this equation predicted that the complexes with TraA have only a 57°bend. Subsequently, these experiments were repeated as described above in the presence of cPD1 or iPD1. The angle was changed to 53 and 43°with cPD1 and iPD1, respectively. These results suggested that TraA controlled transcriptions of traA and ipd by changing the bending angle of the tab1 region.
DISCUSSION
The Northern blot analysis and primer extension analysis have shown that the ipd transcript starts from the promoter region located in the traA-ipd intergenic region and is terminated around the downstream region of the inverted repeat ( Fig. 5 and 6 ). There is no other ORF-like sequence except for iPD1 in the 0.5-kb ipd-transcribed region. The amount of iPD1 in the culture filtrate of donor cells grown in the presence or absence of cPD1 had previously been measured (unpublished data); this level of iPD1 secreted into medium increased only twofold in the presence of cPD1, even though ipd RNA was greatly induced by cPD1 (Fig. 5C) . From this observation, it is likely that the ipd RNA functions as not only mRNA but also a functional RNA molecule such as prgQ encoded by pCF10 (19) . It has been known that prgQ is transcribed as QS (small) RNA or QL (large) RNA in the absence or presence of cCF10, and it has been suggested that QL induces the expression of the AS gene, prgB, together with ribosomes, and PrgS RNA that stabilizes binding of QL RNA to ribosomes.
Northern analysis has also shown that the expression of traA is downregulated by cPD1. TraA is a negative regulator in the cPD1 signaling pathway, suggesting that the downregulation of traA should result in derepression by TraA. Hence a two-step regulation model is proposed; at the first step, the expression of ipd is triggered by DNA bending, and at the second step, the expression of ipd is further induced from the TraA-free promoter. Indeed, the ipd transcript was gradually increased within 1 h after cPD1 induction. Furthermore, this coincided with the fact that a traA insertion mutant constitutively expresses ipd at a maximum level even under the cPD1-noninduced condition (unpublished data). Primer extension analysis of traA showed that the transcription initiates within the traA-ipd intergenic region. Taken together with the data from Northern blot analysis, the transcript would be read through to traB. In order to clarify the initiation and termination sites of traA, RT-PCRs with some sets of specific primers were performed (data not shown). The result suggested another possibility, that the transcript initiates from the region downstream from ipd although the intensity of the RT-PCR product was very low compared to that initiating from the intergenic region and the band corresponding to the transcript through to traB was also detected. The fact that the transcription of pheromone receptor is initiated from the inhibitor downstream region was found for the cCF10 system. It might be the case that the traA mRNA was quite unstable and the product detected in the primer extension analysis was a degradation product from intact mRNA initiating from the ipd downstream region.
A previous study on pAD1 (12) has demonstrated that pAD1 TraA associated with cAD1 loses its affinity to DNA and, as a consequence, releases the negative regulation (5) . By contrast, the gel mobility shift assay in this study demonstrated that the DNA-binding affinity of pPD1 TraA remained unchanged in the presence of cPD1 or iPD1. This has also been demonstrated with the use of a solution: biotinylated DNA corresponding to the traA-ipd intergenic region bound to TraA both in the presence and in the absence of cPD1 (J. Nakayama, T. Horii, Y. Takananami, S. Shino, and A. Suzuki, Abstr. ASM Conf. Streptococcal Genet., abstr. 1B-03, 1998). The gel mobility shift assay suggested that the conformation of the TraA-DNA complex changed in the presence of cPD1 from that in the presence of iPD1. The DNA-bending assay revealed that the bending angle of the tab1 region was slightly enhanced in the presence of cPD1. This conformational change of tab1 is most likely to contribute to the transcriptional control of ipd and also traA.
The DNase I footprinting assay indicated one strong (tab1) and two weak TraA-binding sites (tab2 and tab3) in the traAipd intergenic region. Binding of TraA to tab1 was clearly observed in the gel mobility shift assay, although binding to tab2 and tab3 was negligible (data not shown), suggesting that the affinity of TraA to these two sites is much lower than that to tab1. These observations resemble those for the transcriptional control of occQ with OccR in Agrobacterium tumefaciens, in which OccR binds to and bends an operator region located in an intergenic region of occR and occQ and its bending angle changes irrespective of the presence of octopine (37, 38) . The operator region contains two subsites, and dimers of OccR bind to these subsites. The first (high-affinity) subsite is essential and sufficient for OccR binding, and the second subsite is required for ligand-responsive DNA bending, in which one dimer shifts the binding position by one helical turn. Although, in the case of TraA, the tab1 site is sufficient for TraA DNA binding and also TraA DNA bending, tab2 and tab3 sites may have a function similar to that of the second subsite of the OccR operator. Recently it has been reported that a TraAhomologous DNA-binding protein encoded by pCF10, PrgX, exists as a dimer in vivo and the control of oligomerization can be related to pheromone response (3, 4) . It has also been found that TraA has a tendency to oligomerize or aggregate in the presence of cPD1 in vitro (Nakayama et al., ASM Conf. Streptococcal Genet.). However, the gel mobility shift assay in this study did not show a considerable change in the migration of the TraA-DNA complex in the presence of cPD1, suggesting no change in the oligomerization form. Each TraA molecule bound to tab1, tab2, and possibly tab3 may interact, thus resulting in a change in conformation of the intergenic region and regulation of ipd and traA expressions. Indeed, when P1-P3 probe including the three binding sites was used for the gel mobility shift assay, the TraA-DNA complex migrated more slowly and formed smear bands with an increased concentration of TraA (Fig. 3A, lanes 3 to 5) . Further studies with the P2-P3 probe and TraA should indicate further the mechanism by which the transcriptions of ipd and traA are controlled.
Finally, a model throughout cPD1 signal transduction was proposed. In the absence of recipient cells, the donor cells secrete iPD1, which is incorporated into donor cells again and bound to TraA. The TraA-iPD1 complex binds to the traA-ipd intergenic region and bends this DNA. In this state, both ipd and traA are expressed at a low level. When recipient cells secreting cPD1 become donor cells, the given cPD1 outcompetes iPD1 and replaces iPD1 on TraA. The TraA-cPD1 complex changes the bending angle of this intergenic region, which leads to downregulation of traA and upregulation of ipd. As time progresses, active TraA molecules decrease and the ipd promoter is derepressed, which induces full ipd expression, leading to the high level of AS gene expression required for stable mating.
